ABSTRACT: Although supplementation of preterm formula with polyunsaturated fatty acids (PUFA) has been shown to reduce the incidence of necrotizing enterocolitis (NEC) in animal models and clinical trials, the mechanisms remain elusive. We hypothesized that the protective effect of PUFA on NEC may be due to the ability of PUFA to suppress Toll-like receptor (TLR) 4 and platelet-activating factor receptor (PAFR) gene expression (molecules that are important in the pathogenesis of NEC) in epithelial cells. To investigate the efficacy of different PUFA preparations on NEC in a neonatal rat model, we compared the incidence of NEC among the four PUFA supplemented groups-A: arachidonic acid and docosahexaenoic acid (AAϩDHA), B: egg phospholipids (EP), C: DHA, and D: control without PUFA. PUFA supplementation reduced the incidence of NEC and inhibited intestinal PAFR and TLR4 gene expression compared with the controls. To validate the in vivo observations, IEC-6 cells were exposed to PAF after pretreatment with AA or DHA. Both AA and DHA supplementation blocked PAF-induced TLR4 and PAFR mRNA expression in these enterocytes. These results suggest that PUFA modulates gene expression of key factors involved in experimental NEC pathogenesis. These effects might in part explain the protective effect of PUFA on neonatal NEC. neonates. Risk factors of prematurity, enteral feeding, hypoxia and/or intestinal ischemia, and bacterial colonization have been associated with the development of neonatal NEC (1,2). One of the key inflammatory mediators associated with NEC is PAF. Studies have shown that PAFR blockade or enhanced intestinal PAF degradation via PAF acetylhydrolase (PAF-AH) supplementation reduces the incidence of NEC in a neonatal rat model, and this experimental model resembles the clinical and pathologic features quite similar to human neonatal NEC (3,4) .
N EC is the most common acute gastrointestinal disease in neonates. Risk factors of prematurity, enteral feeding, hypoxia and/or intestinal ischemia, and bacterial colonization have been associated with the development of neonatal NEC (1, 2) . One of the key inflammatory mediators associated with NEC is PAF. Studies have shown that PAFR blockade or enhanced intestinal PAF degradation via PAF acetylhydrolase (PAF-AH) supplementation reduces the incidence of NEC in a neonatal rat model, and this experimental model resembles the clinical and pathologic features quite similar to human neonatal NEC (3, 4) .
Supplementation of preterm formula with PUFA has generated significant interest in recent years and now appears to be the standard of care. A previous randomized, controlled clinical trial showed that PUFA supplementation for preterm infants reduced the incidence of NEC (5) . Nonetheless, subsequent trials have not substantiated this important reduction of NEC incidence with PUFA supplementation (6) . Despite the inconsistency, the mechanism by which PUFA might alter the incidence of NEC in these clinical studies remains elusive. We previously reported that PUFA supplementation reduced the incidence of NEC in an experimental neonatal rat model of NEC, and that AA and DHA supplementation in the formula may have beneficial effects on epithelial cell integrity by reducing bacterial or endotoxin translocation and/or reducing mucosal PAF synthesis and receptor activation (7) . In vivo studies have demonstrated that n-3 fatty acids protected mice from hypoxia-induced bowel necrosis by directly inhibiting endogenous PAF production and leukotriene B4 production (8) . In addition, dietary supplementation of eicosatrienoic acid and DHA suppressed PAF generation in mouse peritoneal cells (9) . Furthermore, DHA has been shown to reduce lipopolysaccharide (LPS)-induced IL-6 production (10). LPS derived from Gram-negative bacteria is a dominant ligand for TLR4. Recent evidence showed that PUFA inhibited nuclear factor (NF)-B activation and COX-2 expression induced by LPS or lipopeptide (TLR2 agonist) in macrophages (11) . Therefore, there may be multiple pathways whereby PUFA impact intestinal inflammation and necrosis.
In the current study, our goal was to first identify the active ingredient in the supplementation by comparing three preparations of PUFA, i.e. AA and DHA, egg phospholipids, and DHA alone in preterm formula on the development of NEC. Secondly, we sought to determine the underlying mechanisms responsible for the effects of PUFA on intestinal injury in NEC using the in vivo neonatal rat model and in vitro intestinal epithelial cells. We report here that all PUFA supplementations reduced the incidence of NEC in our neonatal rat model of NEC. The pathomechanisms may include the ability of PUFA to suppress TLR4 and PAFR gene expression in epithelial cells.
with formula feeding through an orogastric tube every 3 h (7). Neonatal rats were monitored (approximately 48 -72 h) until clinical signs of NEC occurred. At the time of distress or at 72 h, pups were euthanized and intestines were obtained for histologic analysis and investigation of pathophysiological mechanisms related to NEC. All animal procedures were reviewed and approved by the Evanston Northwestern Healthcare Institutional Animal Care and Use Committee.
PUFA supplementation in neonatal rat model of NEC. Neonates were randomly assigned to three treatment groups and one control group. The fatty acid compositions of control formula and the PUFA-supplemented formulas given to different groups are listed in Table 1 . Control neonatal rats received a formula previously used for human low birth weight infants with no long-chain PUFA supplementation (D: Control formula BT-520, Wyeth Nutritionals International, Philadelphia, PA). Experimental diets consisted of control formula supplementation with A: AAϩDHA (BT-501), B: egg phospholipids (EP, BT-517), or C: only DHA (BT-519) at a level of 0.7% AA and/or 0.5% DHA as a percentage of total fatty acids. Total fat content in the formula is 26 -27% by weight. The formulation of the AAϩDHA and DHA preparations contain PUFA from algal oils produced by Martek Biosciences Corporation (Columbia, MD). Separation of the oil fraction was prevented by homogenization of the oil blend at 2500 Ϯ 200 psi total and immediate lyophilization to 3% moisture. EP formula provides the same amount of AA and DHA provided as phospholipid from Ovothin 160 (Degussa BioActives LLC, Waukesha, WI).
Intestine sample collection. Neonatal rat intestinal samples were used for histologic analysis and RNA isolation. For histologic analysis, the whole gut was grossly cut into halves. One half of the obtained intestine was fixed in 10% formalin. The other half was freshly frozen in liquid nitrogen and stored at -80°C for analysis. If segmented samples were collected, the whole intestine was linearized first in ice-cold normal saline solution. Duodenum, jejunum, ileum, and colon segments were then separately frozen in liquid nitrogen and stored at -80°C for later RNA extraction.
Histology. Formalin-fixed whole intestines were embedded in paraffin and sectioned at 5 m. Sections for measurement of NEC severity of intestinal histology were stained with hematoxylin and eosin (H&E), and scored by a blinded observer as previously described (12) . Briefly, intact villi received a score of 0, sloughing of epithelial cells on villous tips was assigned a score of 1, and mid-villous damage was scored as 2. NEC score of 3 was assigned to sections with complete villous necrosis, and 4 indicated transmural necrosis. Scores were determined based on the highest score observed in any particular specimen.
Quantitative real-time reverse-transcription PCR (RT-PCR). Transcription levels were determined using quantitative real-time RT-PCR and GAPDH as a housekeeping gene reference. RNA was isolated from whole tissue samples or segmented intestine samples using RNA STAT-60 reagent (TEL-TEST, INC, Friendswood, TX). RNA levels were evaluated by OD measurement at 260 nm. Only samples with A260/280 Ͼ1.8 were used in this study to ensure total RNA quality (mRNA quality was assessed by electrophoresis of equal amount of total RNA followed by staining with ethidium bromide). Each PCR reaction contained 1 L of cDNA, 1 M each of forward and reverse primers and sequence detection (MGB) probes, and 12.5 L of universal PCR master mix from Applied Biosystems (Foster City, CA) in a reaction volume of 25 L. Reactions were loaded in a 96-well reaction plate and real-time PCR reaction was performed in an ABI Prism 9600 SDS (Applied Biosystems) with the following conditions: 50°C 2 min, 95°C 10 min followed by 40 cycles of 57°C for 20 s, 68°C for 40 s, and 95°C for 15 s. CT values were determined using the same background subtraction and threshold values for all reactions. For reactions where copy number standards are available, we calculated copy numbers of the gene of interest and GAPDH.
PUFA supplementation in intestinal epithelial cells. Rat small intestinal epithelial cells (IEC-6) were pretreated with or without AA (100 M) or DHA (67 M) (Sigma Chemical Co., St. Louis, MO) for 30 min followed by incubation with 2 M carbamyl-PAF for 4 h. Total RNA was isolated using RNA STAT-60 and PAFR and TLR4 expression levels were evaluated by quantitative real time RT-PCR. Data were expressed as ratio of CT values of gene of interest and 18 S.
Statistical analyses. Power analysis was performed to determine the number of rats required in each treatment group to avoid a Type II error. Using a baseline incidence of 60%, to reduce the incidence of NEC by 50% and reach significance at p Ͻ 0.05, we calculated that 90 animals were required in each treatment group to ensure a ␤ value of 0.8. 2 analysis was used to evaluate NEC incidence among the treatment groups using a NEC score of 2 or above. All parametric data were presented as mean Ϯ SEM. Statistical analyses were performed using ANOVA (GraphPad Prism, San Diego, CA). Differences were considered significant at p Ͻ 0.05.
RESULTS

PUFA supplementation reduced the incidence of NEC in neonates.
Neonatal rats were randomly assigned to four different formula groups immediately after cesarean section. Experiments were carried out to 72 h although pups often developed signs of distress such as frequent vomiting, cyanosis, and respiratory compromise by 48 h of life. All three preparations of PUFA reduced the incidence of NEC in this study compared with control formula (p ϭ 0.006), as shown in Figure 1 . Sub-distribution of rats with specific NEC scores during the course of the study is summarized in Table 2 . Histologic analysis and gross examination of intestinal necrosis correlated as in previous studies. Using the Bonferroni Neonatal rats were randomly assigned to four different supplementation groups: A (AAϩDHA, n ϭ 89); B (egg phospholipid, n ϭ 85); C (DHA only, n ϭ 88); and D (control formula, n ϭ 90). Number (n) represents the total neonates in each group. Control formula-fed neonates had significantly higher incidence of NEC than all PUFA-supplemented groups (p Ͻ 0.01). e: NEC (-);: NEC (ϩ).
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adjustment, we found that the incidence of NEC in AAϩDHA-, EP-, or DHA-supplemented groups did not differ from each other but were all different from that in the control group. Effect of PUFA supplementation on intestinal TLR2 And TLR4 mRNA expression. Since studies in adult mice (13) have suggested that TLR is differentially expressed across the gastrointestinal tract, we collected four different sections of intestine to identify the effects in duodenum, jejunum, ileum, and colon. TLR2 expression was approximately 10-fold less in all intestinal segments compared with those of TLR4 ( Table  3 ). The mRNA levels of TLR2 were not affected by PUFA supplementation in jejunum and colon (Table 3 ). In ileum, TLR2 mRNA levels were lower in neonatal rats fed EP compared with those fed control formula (p Ͻ 0.05). TLR4 mRNA levels in duodenum, jejunum, and ileum were significantly lower in AAϩDHA-and EP-supplemented neonates compared with controls (p Ͻ 0.05) ( Table 3 ). TLR4 mRNA expression in duodenum, jejunum, and ileum from DHAsupplemented neonates were not different from those of the control neonates (Table 3) . Neonates given EP formula had lower colon TLR4 mRNA levels than those given control formula (p Ͻ 0.05). Colon TLR4 levels in AAϩDHA-or DHA-supplemented neonates were not different from the controls. These data suggest that AA containing formula lowers TLR4 expression throughout the whole gut, especially proximal to the colon.
PUFA supplementation down-regulated intestinal PAFR mRNA expression but did not affect intestinal PLA 2 -II mRNA expression. Because PAF has been implicated in the development of NEC and PAF acts through PAFR to transduce signaling to downstream cellular targets, we evaluated the effect of PUFA supplementation on PAFR and PLA 2 -II (the rate-limiting enzyme of PAF production) gene expression by measuring transcription levels. PUFA supplementation from all preparations significantly decreased ileal and colonic, but not duodenal or jejunal, gene expressions of PAFR (Table  4 ) compared with the control group (p Ͻ 0.05). Intestinal PLA 2 -II mRNA levels of AAϩDHA-, EP-, or DHAsupplemented neonatal rats were similar to those of controls in all four intestinal segments (Table 5) .
AA or DHA supplementation down-regulated PAFinduced TLR4 and PAFR mRNA levels in intestinal epithelial cells (IEC-6). To determine the cellular specificity of the effects observed in in vivo experiments, we studied the effect of PUFA on intestinal epithelial cells using an in vitro system, i.e. IEC-6 cells. Because PAF has been associated with NEC in various models, we sought to determine whether PUFA would alter PAF-induced proinflammatory gene expression in intestinal epithelial cells. We supplemented IEC-6 cells with AA or DHA for 30 min before exposure of 2 M PAF for 4 h and analyzed TLR4 and PAFR mRNA levels. Here we demonstrated that TLR4 mRNA levels in PAF-treated IEC-6 cells were significantly increased compared with untreated controls (Fig. 2) , indicating that in vitro PAF receptor activation regulates TLR4 expression. In addition, TLR4 mRNA expression was significantly lower in IEC-6 cells supplemented with AA (100 M) or DHA (67 M) compared with controls (p Ͻ 0.05) (Fig. 2, a and b) . After pretreatment of AA or DHA, TLR4 mRNA expression in IEC-6 cells treated with PAF remained at 52 Ϯ 22%, and 37 Ϯ 11% of untreated control (p Ͻ 0.05) and were significantly lower than those treated with PAF alone (p Ͻ 0.05). PUFA also inhibited PAFR mRNA expression induced by PAF (Fig. 2, a and b) . PAFR mRNA levels were significantly decreased in IEC-6 cells pretreated with AA (51 Ϯ 14% of untreated control) or DHA (73 Ϯ 39% of untreated control) compared with those treated with PAF alone (both p Ͻ 0.05).
DISCUSSION
Similar to our original report that showed a reduction in experimental NEC with DHA-and AA-supplemented for- mula, here we demonstrate that pups fed with three different preparations of PUFA all developed less NEC than control formula-fed animals. In addition, gut expression of PAFR and TLR4 in PUFA-supplemented formula-fed pups were significantly reduced compared with controls. In vitro experiments confirmed that AA or DHA pretreatment lowered baseline expression of TLR4 in cultured intestinal epithelial cells and blocked PAF-induced PAFR and TLR4 expression. Together, these observations suggest potential benefits of PUFA in modulating gut injury in neonatal NEC. Since the early 1990s, several studies have examined the impact of DHA or DHA plus AA supplementation on visual function and neurodevelopmental outcome in preterm and full-term neonates (14) . Although there have been conflicting reports, many experiments have supported a beneficial effect using these preparations. One concern suggested in some reviews was the potential of oxidative damage-related neonatal conditions (e.g. NEC, bronchopulmonary dysplasia, and retinopathy of prematurity) resulting from the supplementation with highly unsaturated fatty acids. The ratio of n-3 and n-6 fatty acids was another concern in view of the possible effects on eicosanoid metabolism with resulting effects on blood clotting and infection. In terms of NEC, in Carlson and colleagues' earlier study (15) there was no significant difference in NEC between the supplemented and control groups. Lucas et al. (16) reported a higher combined incidence of NEC and sepsis in the supplemented than in the unsupplemented group. In a later study, Carlson (5) found that in infants fed a formula supplemented with egg yolk phospholipid containing 0.4% AA, 0.13% DHA, and about 3-fold more total choline, the incidence of NEC was significantly lower than controls. It was suggested that AA and choline containing formula might contribute to maintenance of intestinal blood flow and cytoprotection of intestinal mucosa. Differences in these outcomes are difficult to interpret due to multiple factors that highlight the complexity of human trials. In vivo, we demonstrated earlier that neonates fed a preterm formula containing 0.7% AA and 0.5% DHA had a lower incidence of NEC using a neonatal rat model. In this study, we confirmed that PUFA supplementation of preterm formula reduced the incidence of NEC in our neonatal rat model, and that the beneficial effects of PUFA appear to be equally significant in all PUFA preparations tested. As detailed in Table 1 , all three PUFA-supplemented formulas had similar DHA content. The two AA-containing formulas had the same amount and ratio of AA and DHA. These data, together with the previous clinical trials, suggest that relatively low concentrations of AA and DHA in formula and the appropriate ratio of the two fatty acids might be beneficial and safe.
Altered PAF metabolism has been associated with NEC in human studies and animal experiments (3, 4) . For example, using the same NEC animal model we used in the present study, pups treated with the PAFR antagonist WEB 2170 and PAF-degrading enzyme PAF-AH had a lower incidence of NEC. Furthermore, newborns are deficient in serum PAF-AH activity, and preterm infants without NEC have higher 
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PAF-AH activity and lower circulating PAF compared with those who develop intestinal necrosis. PUFA supplementation did not affect PLA 2 -II intestinal mRNA expression, but all preparations reduced mRNA expression of PAFR in ileum and colon. These findings were confirmed in vitro where PUFA supplementation down-regulated PAFR expression in cultured enterocytes. Therefore, we speculate that modulation of PAFR production and decreased PAFR signaling in the gut might contribute to the beneficial role of PUFA in intestinal health. Human TLRs are a family of pattern recognition molecules found in cells responding to bacterial ligands. In mammals, 11 TLRs have been identified (17, 18) and the agonists for TLR activation vary. For example, TLR4 is the dominant receptor for Gram-negative endotoxin LPS (19 -21) and TLR2 responds to other bacterial cell wall components like lipoteichoic acid (22) . Our data here demonstrate that PAF is a potent inducer of TLR4 gene expression in rat intestinal epithelial cells, and our recent paper highlights the importance of TLR4 in neonatal experimental NEC (23) . Recently, Lee et al. (24) reported that contrary to saturated fatty acids such as lauric acid and palmitic acid, long-chain unsaturated fatty acids inhibited NF-B activation induced by LPS or lipopeptide, a synthetic TLR2 agonist in macrophages. Lipid A, a functional component of LPS, is normally acylated with saturated fatty acids. Deacylated bacterial lipoproteins or lipoprotein containing PUFA lose their toxicity and ability to activate TLR (25) , thereby providing a mechanism for potential protection. Together with early observations that C3H/HeJ mice containing a mutation in their TLR4 gene are resistant to PAF-induced intestinal injury (26) and PAF antagonists could block LPS-induced ischemic bowel necrosis (27, 28) , we investigated whether these PUFA modulate TLR expression in the neonatal intestine. We present here for the first time that, in neonatal rats, AA-containing formulas can modulate the TLR4 mRNA expression along the whole small intestine. PUFA supplementation did not alter TLR2 expression, highlighting the specificity of this effect on TLR4.
The mechanisms by which PUFA provide protective effects on intestinal epithelium are undoubtedly complex. PUFA can affect gene expression through various mechanisms including its action on the nucleus, in conjunction with nuclear receptors and transcription factors, such as the peroxisome proliferatoractivated receptor, hepatocyte nuclear factor-4␣, liver X receptor, the transcription factors sterol-regulatory element binding protein, and NF-B (29) . Of interest, in our study, DHA decreased PAFR gene expression in ileum and colon but had no effect on TLR4 gene expression throughout the gut, whereas AA-and DHA-containing formula altered both PAFR and TLR4 gene expression. In addition, novel n-3 fatty acid (namely eicosapentaenoic acid, or DHA itself) derived lipid mediators (resolvins and protectins) are believed to be anti-inflammatory by mainly attenuating the NF-B pathway (30 -33) . Because of the complexity of our in vivo model that includes multiple cell types and interacting factors, the specific mechanisms of different PUFA preparations on intestinal homeostasis are difficult to determine.
Another potential mechanism explaining PUFA's antiinflammatory effects may be the ability to directly affect G-protein-coupled receptor signaling by altering one of the protein posttranslational modifications-palmitoylation. Studies have shown that PUFA can modify GPCR signaling by directly interrupting palmitoylation on receptors and G proteins (34) or decreasing ligand binding (35) . PAFR is a G-protein-coupled receptor and in vitro we have shown that PAFR is palmitoylated and both AA and DHA can inhibit the incorporation of palmitate into PAFR (unpublished data). Functional assays revealed that blocking palmitoylation by 2-bromo palmitate or PUFA decreased PAFR signaling as measured by reduced PAF-induced ion transport, apoptosis, and gene expression in intestinal epithelial cells. The evidence supports the notion that in addition to their effects on prostaglandin biosynthesis, disruption of G-protein-coupled receptor signaling might be another mechanism by which PUFA exert their effects.
In summary, all preparations of PUFA supplementation tested in this study significantly lowered the incidence of NEC in our neonatal rat NEC model. PUFA specifically downregulated PAFR gene expression in the ileum and colon, suggesting a possible mechanism for the protective effect on intestinal injury. Our data further suggest that the robust inflammatory responses induced by the activation of TLR4 on neonatal intestinal epithelium via bacterial colonization might be modulated by certain long-chain polyunsaturated fatty acid preparations. This may be an additional mechanism responsible for PUFA's protective effects on neonatal NEC. Further understanding of the interactions between PAFR, TLR signaling, and PUFA is warranted to delineate the protective role of these anti-inflammatory fatty acids and the pathophysiology of NEC.
